Objective To evaluate the associations between the serum anion gap (AG) with the severity and prognosis of coronary artery disease (CAD). Methods We measured serum electrolytes in 18,115 CAD patients indicated by coronary angiography. The serum AG was calculated according to the equation: AG = Na
Introduction


Although considerable progress has been made in basic and clinical research in atherosclerosis over the past decades, coronary artery disease (CAD) remains one of the leading causes of deaths worldwide. [1] New prognostic features in CAD patients are always welcomed by clinicians, especially when so easy to obtain and understand! The serum anion gap (AG) is such a mathematically derivated parameter that has been used for more than 50 years. [2] Although it has its widest application in the diagnosis of various forms of metabolic acidosis, it may sometimes provide an important clue to the diagnosis or prognosis of disorders such as advanced kidney disease (AKD). [2] Furthermore, in the general population largely free of AKD the increase in AG may be of prognostic significance as higher levels of AG have been associated with hypertension, [3] insulin resistance, [4] low cardiorespiratory fitness, [5] all-cause [6] and cardiac deaths. [7] Novel risk factors can improve the Framingham risk score. However, it is largely unknown whether such changes of AG occur in the course of CAD might exist a risk difference for either CAD severity or mortality. To date, there have been no population-based studies of acid-base status and CAD. The current study aimed to evaluate the associations between the serum AG with the severity and prognosis of CAD.
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Study population
The study protocol was approved by the Institutional Review Boards of all participating hospitals and informed consent have been obtained. All methods were performed in accordance with the relevant guidelines and regulations by including a statement in the methods section to this effect. From April 2004 to October 2010, a total of 21,620 consecutive patients with complete measurements of serum electrolytes and creatinine were recruited from five centers. All participants aged ≥ 18 years and underwent clinically indicated coronary angiography and percutaneous coronary intervention (PCI). We excluded participants who were missing covariate or mortality data (n = 3465), or had a diagnosed terminal illness (n = 40). Thus there were 18,115 participants remaining in the study cohort.
Calculation of the serum AG and evaluated glomerular filtration rate (eGFR)
Although methods used to calculate AG may be susceptible to some parameters (including haemoconcentration, albumin concentration, Ca 2+ concentration, some medications, and renal function, etc.) and some authors advise to correct AG value by such parameters, the equation used in the present study, [AG = Na + (mmol/L)
, was generally acknowledged. [8] Furthermore, eGFR was calculated according to the simplified Modification of Diet in Renal Disease Study prediction equation. [9] 
Assessment of severity of CAD
The severity of CAD was comprehensively evaluated through three ordinal variables: clinical diagnosis, severity of coronary artery stenosis, and cardiac function grades based on left ventricular ejection fraction (LVEF). Although not exactly, all of the variables reflected the severity of CAD to some extent. The levels of clinical diagnosis included stable coronary atherosclerotic disease (SCAD), unstable angina pectoris (UAP), or acute myocardial infarction (AMI). [10] [11] [12] Significant coronary artery stenosis was defined as ≥ 75% narrowing of the diameter of at least one major epicardial vessel. [13, 14] Severity of coronary artery stenosis was defined according to the number of significantly diseased vessels, namely 1-vessel, 2-vessel, and 3-vesse and/or left main (LM). Simultaneously, the SYN-TAX score was calculated retrospectively by reviewing the original diagnostic angiograms. [15] Grades of cardiac function comprised normal (defined as ≥ 50%), preserved (40%-49%), and reduced (< 40%) LVEF. [16] 
Assessment of patient characteristics
Demographic characteristics, medical history, risk factors and medication usage were obtained from the electronic medical records. Baseline fasting venous blood samples were drawn and tested for hemoglobin, leukocytes, platelet counts, serum lipids, alanine aminotransferase, electrolytes, albumin, and glucose, etc.
Outcome
Thirty days all-cause mortality was collected for 12,946 (71.5%) patients from the electronic medical record system, 4237 (23.4%) from telephone contact, and 932 (5.1%) from household registration system.
Statistical analysis
Non-normally distributed data were presented as median [interquartile (25th-75th percentiles) range], and normally distributed variables as mean ± SD. Where indicated, one-way analysis of variance and Kruskal-Wallis test or chi-square test were applied to evaluate statistical differences among AG quartile groups. The serum AG was modeled as continuous variable and according to quartiles in multivariate analyses (P for trend was calculated). Ordinal logistic regressions were used to evaluate associations between AG with the severity of CAD. The Kaplan-Meier estimates were used to describe the event-free survival on follow-up. To further evaluate the prognostic value of AG, a Cox proportional hazard analysis was performed. Adjusted models included covariates on the basis of statistical evidence for confounding and clinical judgment. To determine whether our results were driven by participants with AKD, we re-evaluated associations of the serum AG with the severity and prognosis of CAD after excluding those with eGFR < 60 mL/min per 1.73m 2 . [17] All statistical tests were two-sided and P-values of < 0.05 was considered to be statistically significant. SPSS 22.0 (IBM Corporation) was used to conduct statistical analysis.
Results
Patient characteristics
Across the cohort, the serum AG followed an approximately normal distribution. It ranged from 0.20 to 53.30 mmol/L, with a mean ± SD of 13.73 ± 3.59 mmol/L. The median level was 13.52 (interquartile range: 11.40-15.92) mmol/L. A total of 4510 (24.9%) participants had their AG levels greater than 16 mmol/L, which was usually suggested the upper limit of a normal AG. AG exceeding 24 mmol/L was rare (0.6%). The serum AG was significantly higher in patients with AKD, AMI, and reduced LVEF (< 40%) (Figure 1) . Overall, patients with higher levels of AG were younger and taking more medications, more likely to have lower levels of eGFR, higher levels of clinical diagnosis and cardiac function grades (Table 1) . It should be noted that patients with higher AG levels had lower low-density lipoprotein cholesterol (LDL-C) and higher high-density lipoprotein cholesterol (HDL-C) concentrations probably secondary to better control of risk factors and higher intake of statins in these groups.
Independent determinants of baseline serum AG levels
As shown in Supplemental Table 1 , clinical diagnosis of AMI, angiotensin receptor blockers (ARBs) use, higher hemoglobin, leukocyte, platelet, ALT, fasting plasma plasma glucose, HDL-C, and albumin were each independently associated with higher levels of serum AG. In contrast, male sex, a history of prior MI, higher eGFR, LDL-C, and LVEF were each independently associated with lower levels of serum AG.
Association of AG with clinical diagnosis of CAD
The risk of having higher levels of clinical diagnosis increased by 5.7%, 5.5%, and 1.8% for each millimole-perliter increment in the serum AG in unadjusted, age/sex adjusted, and fully adjusted models, respectively ( Table 2 ). In unadjusted ordinal Logistic models comparing the 4th versus 1st quartile, those patients with AG ≥ 15.92 mmol/L had a 1.595-fold increased risk of higher levels of clinical diagnosis (P < 0.001). After adjustment for all confounders, this association was attenuated in magnitude but remained statistically significant (OR: 1.170, 95% CI: 1.066 to 1.283, P = 0.001). 
Association of AG with severity of coronary artery stenosis
Either in unadjusted or fully adjusted models, the findings did not support a role for the serum AG levels as an independent biomarker for severity of coronary artery stenosis (Table 3) .
Association of AG with cardiac function grades
The risk of having higher grades of cardiac function increased by 4.3%, 4.6%, and 2.1% for each millimole-perliter increment in the serum AG in unadjusted, age/sex adjusted, and fully adjusted models, respectively (Table 4) . In unadjusted ordinal Logistic models comparing the 4 th versus 1st quartile, those patients with AG ≥ 15.92 mmol/L had a 1.355-fold increased risk of higher grades of cardiac function (P < 0.001). After adjustment for all confounders, this association remained statistically significant (OR: 1.158, 95% CI: 1.001 to 1.340, P = 0.049). adjusted models (HR: 1.069, 95% CI: 1.020 to 1.121, P = 0.005).
Sensitivity analyses
After excluding participants with eGFR < 60 mL/min per 1.73m 2 , increased AG was still associated with higher levels of clinical diagnosis (Supplemental Table 2 ), cardiac function grades (Supplemental Table 3 ), and all-cause mortality (Supplemental Table 4 ). Furthermore, a similar, non-significant association with severity of coronary artery stenosis remained (Supplemental Table 5 ).
Discussion
Gamble is one of the first individuals to emphasize the importance of charge balance in the ionic environment of the blood and other body fluids, which means the sum of serum cations must equal that of serum anions. [2] Because normally the total unmeasured anions exceed the total unmeasured cations, there is an AG. By contrast to a low serum AG, an elevated serum AG is a common occurrence. Examination of 6868 sets of serum electrolyte among miscellaneous hospitalized patients revealed an elevated serum AG in 37.6%. [18] There have been no population-based studies of the incidence of elevated serum AG in CAD. Our Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com findings reveal a relatively high percentage (24.9%) of increased serum AG (greater than 16 mmol/L) in CAD. Elevation in the serum AG generally is caused by overproduction of organic acid anions and/or the concomitant and proportionate reduction in the excretion of anions, while changes in the equivalents of total proteins, phosphorus, potassium, and calcium are unusual causes. [2] It has been reported that lactate and ketoanions accounted for 62% of the increments in AG. [19] In animals and patients with heart failure (HF) or acute coronary syndrome (ACS), marked increments in metabolic rate, sympathetic nervous system activation, accelerated glycolysis and a modified bioenergetic supply associated with increased lactate levels were described. [20] Lommi, et al. [21] found that patients with HF had elevated blood ketone bodies compared with control subjects. Furthermore, blood ketone bodies were related to LVEF and LVEF was an independent predictor of ketonemia. Most recently, Bedi, et al. [22] observed an increased abundance of ketogenic β-hydroxybutyryl-CoA in HF. Similar results were also found in patients with ACS. [23] [24] [25] All these data strongly suggest that organic acid anions accumulation might be one of the potential mechanisms, by which higher AG is associated with more severe clinical types of CAD and worse cardiac function. Another potential mechanism lies in the impairment of glomerular filtration accounting for the retention of non-chloride anions, as acid retention has been demonstrated in subjects with only mild reductions in eGFR. [17] In many cases, the identity of anions that contribute to the elevated AG can be determined, especially when the serum AG > 30 mmol/L. [26] A lesser increase in the serum AG (≤ 24 mmol/L) can be present without an identifiable, accumulating acid in > 30% of cases. [26] In the current study, AG exceeding 24 mmol/L was rare (0.6%). Therefore, it is unclear to what degree these prior results can be extrapolated to our findings.
It has been shown that increased serum AG may be of prognostic significance as higher levels of AG were associated with hypertension, [3] insulin resistance, [4] and low cardiorespiratory fitness. [5] In a large study that included 31590 subjects who underwent a health screening, a trend for increased mortality risk with higher levels of serum AG was present. [6] In another community-based cohort study, higher levels of serum AG was associated with an increased risk of all-cause and cardiac deaths. [7] Our results indicate that the serum AG is strongly associated with all-cause mortality in CAD. Although several observational studies suggested that elevated levels of lactate and ketone bodies were associated with worse outcomes, none of the previous studies provided direct evidence. [27] [28] [29] 
Limitations
First of all, in light of its observational nature, we cannot conclude the increase in the serum AG is a cause or consequence of more severe clinical types of CAD and worse cardiac function. Secondly, SCAD and UAP diagnoses might be broadened excessively because of some patients with vague symptoms, atypical electrocardiograms, or incomplete myocardial injury markers tests. Thirdly, although we adjusted for eGFR in the multivariate analyses and per-http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology formed sensitivity analyses excluding participants with AKD, we could not completely rule out the impact of mild renal dysfunction. Additionally, we did not have measurements of lactate, -hydroxybutyrate and acetoacetate. Thus, we speculate without direct evidence the potential mechanisms by which higher AG is associated with the severity and outcome of CAD.
Conclusions
In this large population-based study, our findings reveal a high percentage of increased serum AG in CAD. And higher AG is associated with more severe clinical types of CAD and worse cardiac function. Furthermore, the increased serum AG is an independent, significant, and strong predictor of all-cause mortality. 
